In this study, the effects of a series of phorbol esters with different spectra of biological activities and different patterns of activation of the isoenzymes of protein kinase C (PKC) have been studied in human neutrophils. 
INTRODUCTION
Activation of protein kinase C (PKC) is thought to play a major role in activation of neutrophils. Stimulation of neutrophils with receptor agonists, including fMet-Leu-Phe (fMLP), results in activation of phospholipase C with the production of InsPJ and diacylglycerol (Cockcroft et al., 1985; Di Virgilio et al., 1985; Della Bianca et al., 1986) , and diacylglycerol is known to activate PKC (for reviews see Farago and Nishizuka, 1990; Bell and Burns, 1991) . Phorbol esters have been widely used as a means to activate PKC independently of receptor agonists (for review see Evans et al., 1991a) . In neutrophils, activation of PKC by phorbol esters such as phorbol 12-myristate 13-acetate stimulates superoxide formation (Sha'afi et al., 1983; Korchak et al., 1984a,b; Della Bianca et al., 1986) and inhibits agonist-stimulated bivalent cation influx (McCarthy et al., 1989) .
PMA is one of the most widely used phorbol esters in studies of PKC activation, and it has a broad spectrum of biological effects, including tumour promotion (Evans & Taylor, 1983) . The phorbol ester range of plant products contains a number of chemically related substances with similar biological activities, although not all of the biologically active compounds are tumour promoters (Evans and Taylor, 1983; Evans & Edwards, 1987) . PMA exhibits a complete range of biological activities, including complete tumour promotion, induction of inflammation, T cell mitogenesis, HL60 cell differentiation and platelet aggregation (Evans et al., 1991a) . Other phorbol esters that also activate PKC have a more limited range ofbiological activities. Sapintoxin A (SAPA) is a 4-deoxyphorbol analogue that was isolated from ripe fruits of the Indian plant Sapium indium (Taylor et al., 1989) . SAPA is not a tumour-promoting agent, but it does have other biological activities similar to those of PMA, including T cell mitogenesis and HL60 cell differentiation (Evans et al., 1991a) . SAPA and PMA are equipotent in a crude cell-free PKC activation assay (Ellis et al., 1987) . 12-Deoxyphorbol 13-0-phenylacetate (DOPPA) was isolated from the latex of the West Abbreviations used: [Ca2+] i, cytosolic free calcium concentration; DOPPA, 12-deoxyphorbol 13-0-phenylacetate; FMLP, formylmethionine-leucinephenylalanine; luminol, 5-amino-2,3-dihydro-1,4-phthalazinedione; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; RX, resiniferatoxin (9,13,14-o-phenylacetylresiniferonyl-20-0-homovanillate) ; SAPA, sapintoxin A (12-0-2-methylaminobenzoyl-13-0-acetyl-4-deoxyphorbol); SK&F 96365, 1-{fl-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl}-1H-imidazole hydrochloride. 
919
Indian plants Euphorbia unispina and E. poissoni (Evans et al., 1975) . DOPPA is not a tumour promoter and does not induce HL60 cell differentiation, but it is proinflammatory and is a weak PKC activator (Evans et al., 199 la) . Resiniferatoxin (RX) , isolated from the fresh latex of Euphorbia unispina and E. poissoni (Evans et al., 1975) , is a very weak activator of mammalian brain PKC (Ellis et al., 1987) and shows few of the activities of PMA, although RX does stimulate superoxide production by macrophages and is a very potent irritant (Evans and Schmidt, 1979) . RX has been shown to activate a Ca2+-inhibited kinase, RX kinase, which is distinct from the known PKC isoenzymes (Ryves et al., 1989) and is found only in inflammatory cells (Evans et al., 1991b) .
The effects of this series of phorbol esters were initially studied using crude preparations of brain PKC. However, multiple subspecies of PKC have now been described Coussens et al., 1986; Farago & Nishizuka, 1990; Bell and Burns, 1991 (Pontremoli et al., 1990; Stasia et al., 1990; Majumdar et al., 1991; Obel et al., 1991) . When the cell-free activation of NADPH oxidase in macrophage membranes was studied, purified PKC isoforms a, ft, y, 5 and e were all able to activate the enzyme, resulting in production of superoxide .
The series of phorbol esters described above has recently been examined in more detail with regard to effects on the different isotypes of PKC (Taylor et al., 1989) . DOPPA and RX were isolated from the fresh latex of Euphorbia poissonii and Euphorbia unispina (Evans et al., 1975) . SK&F 96365 was synthesized as previously described (Merritt et al., 1990a) .
Neutrophils were prepared from freshly drawn human blood by dextran sedimentation of erythrocytes followed by Percoll density gradient centrifugation to separate the leucocytes, as previously described Figures 6 and 7) . Incubation with 0.3 ,uM fura-2AM results in a cytosolic fura-2 concentration of 50-100 ,tM ('low fura-2'), and incubation with 2 ,uM fura-2AM results in a cytosolic dye concentration of approx. 500 ,uM ('high fura-2'). After loading with dye, the cells were resuspended at 2 x 106/ml in the Hepes-buffered medium containing 1 mM CaCl2 and 1 % BSA, and maintained at room temperature until required. For use in the experiments, samples of the cell suspension were centrifuged (Microfuge; 6500 rev./min for 30 s) and resuspended at 2 x 106 cells/ml in the Hepes-buffered medium containing no BSA. For the luminol chemiluminescence studies the medium contained 1 mM CaCI2, and for the fura-2 fluorescence studies 1 mM CaCl2 or 100 ,tM MnCl2 was added as required.
Fura-2 fluorescence (500 nm emission) was measured at 37°C in a dual-excitation wavelength fluorimeter (Spex) with additions as indicted in the Figures. In Figure 6 , [Ca2+]i was calculated from the ratio of fura-2 fluorescence at two excitation wavelengths (340 and 380 nm), as described by Grynkiewicz et al. (1985) . In Figure 1 , fluorescence was monitored at excitation wavelengths of 340 and 360 nm; at 340 nm excitation, fura-2 fluorescence increases with increasing [Ca2+]i while the 360 nm fluorescence is insensitive to [Ca2+] i; however, the fluorescence at both wavelengths is quenched by Mn2 Quenching of fura-2 fluorescence at 360 nm excitation therefore provides a direct measure of bivalent cation (Mn2+) influx .
Superoxide generation was monitored as the enhancement of luminol chemiluminescence (Englberger et al., 1987) . Luminol (15 ,ug/ml) was added to a suspension of neutrophils, which were then preincubated for 5 min at 37°C before addition of test substances and measurement of chemiluminescence. Chemiluminescence was measured in a lumiaggregometer (Chrono-Log). Because of the complexity of the responses, it was not possible to quantify them; typical traces are therefore shown. It should be noted that no cytochalasin B was used in these studies.
All the results are typical of at least three or four others obtained from different cell preparations.
RESULTS
Effects of phorbols on fMLP-stimulated bivalent cation influx unaffected. This result shows that SAPA (at this concentration) did not affect release of Ca2+ from intracellular stores. However, SAPA totally inhibited the fMLP-stimulated quench in fluorescence at both wavelengths, which shows that SAPA totally inhibited fMLP-stimulated bivalent cation influx. Subsequent addition of ionomycin then caused complete quenching of the fura-2. A similar effect of PMA has already been reported (McCarthy et al., 1989) . The inhibitory effects of both SAPA and PMA can be reversed by the non-specific protein kinase inhibitor staurosporine (100 nM; results not shown). Figure 1 (Merritt et al., 1990a (Merritt et al., 1990b Neutrophils were loaded with low (a) or high (b) levels of fura-2, as described in the legend to Figure 6 . 02--release was monitored as enhancement of luminol chemiluminescence.
Additions were made as follows: fMLP (1 IM), SK&F 96365 (7.5 ,uM), dimethyl sulphoxide (vehicle; 0.1 %) and phorbols as shown.
in cells with low ( Figure 7a ) or high ( Figure 7b ) levels of fura-2 in the presence or absence of SK&F 96365 (7.5 ,uM). Figure 7 (a) shows FMLP-stimulated 02--release from neutrophils containing a low level of fura-2, with potentiation of the response in the presence of PMA, SAPA and RX, but not DOPPA (as in Figure 4 ). Under these conditions, SK&F 96365 (7.5 ,uM) had no effect on the response to fMLP alone or on potentiation by any of the phorbols. Figure 7( The first response studied was inhibition of fMLP-stimulated bivalent cation influx, which has already been shown to be inhibited on PKC activation with PMA (McCarthy et al., 1989) . SAPA also inhibited fMLP-stimulated Mn2+ influx, and the inhibition was reversed by the non-specific protein kinase inhibitor staurosporine. SAPA activates PKC isotypes a, fi, y and c but not 8 , which rules out a major role for PKC-8 in this response. DOPPA (up to 1 ,uM) had no inhibitory effect on fMLP-stimulated Mn2+ influx after a 5 min preincubation and only caused 30% inhibition after a 45 min preincubation. DOPPA activates only PKC-fl1 (and PKC-y at high concentrations, but PKC-y is not present in neutrophils), which would appear to rule out a role for PKC-/31 in modulating agonist-stimulated bivalent cation influx. However, activation of PKC-#1 by DOPPA is absolutely dependent on Ca2+ in vitro There is considerable evidence that activation of PKC in neutrophils stimulates 02--release (see Introduction). PMA and SAPA, at concentrations that totally inhibited fMLP-stimulated Mn2+ influx, stimulated Oj-* release after short delays. Lower concentrations of PMA or SAPA alone were ineffective. DOPPA (1 ,uM), which had no effect on fMLP-stimulated Mn2+ influx (after a 5 min preincubation), did not, itself, stimulate 02-j release even on prolonged incubation. RX (1 aM), which caused 3500 inhibition of Mn2+ influx after a 10 min preincubation, stimulated a large increase in 02-release after a delay of about 10 min. This delayed response to RX might reflect poor cell permeability, but this is unlikely in view of the immediate effects under different conditions as discussed below. Stimulation of 02--release by RX suggests that RX kinase is involved in this response. Stimulation of 02-by PMA, SAPA and RX is inhibited by the non-specific protein kinase inhibitor, staurosporine, which confirms the involvement of a protein kinase. Evidence that RX acts through a protein kinase (RX kinase) is an important result, because RX has also been reported to act as a potent analogue of the neurotoxin capsaicin to induce pain responses (DeVries & Blumberg, 1989) , they could also act indirectly, for example by stimulating phospholipase D-mediated hydrolysis of phosphatidylcholine (Exton, 1990) .
In vitro the phorbols have different requirements for Ca2+ to activate PKC, and the isoenzymes vary in their Ca2+-dependency for activation . The clear synergy between RX and Ca2+ was an unexpected result since RX kinase has been reported to be inhibited by 1 mM Ca2+ in vitro (Ryves et al., 1989 . However, it should be noted that DOPPA was generally ineffective at modulating fMLP-stimulated responses in the absence of ionomycin, whereas RX was effective under all conditions. Previous reports have shown that SAPA requires more extracellular Ca2+ than does PMA for stimulation of hepatocyte mitogenesis (Menapace et al., 1991) , and that stimulation of platelet p47 phosphorylation can be seen with PMA alone, whereas DOPPA only evokes phosphorylation in the presence of a Ca2+ ionophore (Brooks et al., 1990) . These reports are consistent with the results obtained here with neutrophils and with the in vitro studies of Ryves et al. (1991) showing that PKC activation with SAPA and DOPPA is more Ca2+-dependent than that with PMA.
In conclusion, activation of PKC with PMA, SAPA and DOPPA in human neutrophils correlates with activation of PKC in vitro in terms of the dependency of the phorbols on Ca2+; however, activation of neutrophils by RX has also been found to synergize with Ca2+. The data also suggest that both PKC-a and RX kinase may function in the regulation of the neutrophil respiratory burst.
